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[1] Global magnetospheric ULF pulsations with frequencies in
the Pc 5 range ( f = 1.7–6.7 mHz) and below have been observed
for decades in space and on the Earth. Recent work has shown that
in some cases these pulsations appear at discrete frequencies.
Global cavity and waveguide modes have been offered as possible
sources of such waves. In these models the magnetosphere is
presumed to resonate globally at frequencies determined solely by
its internal properties such as size, shape, field topology, mass
density distribution, etc. We show in this work that upstream solar
wind number density and dynamic pressure variations precede and
drive compressional magnetic field variations at geosynchronous
orbit. Furthermore, spectral analysis shows that wave power
spectra in both the solar wind and magnetosphere contain peaks at
the same discrete frequencies. Therefore, in contrast to the cavity
mode hypothesis, we suggest that discrete ULF pulsations
observed within the magnetosphere are at least sometimes
directly driven by density oscillations present in the ambient
solar wind. Finally, we comment on possible sources for such
pulsations observed in the solar wind. INDEX TERMS: 2784
Magnetospheric Physics: Solar wind/magnetosphere interactions;
2752 Magnetospheric Physics: MHD waves and instabilities; 2740
Magnetospheric Physics: Magnetospheric configuration and
dynamics
1. Background
[2] ULF pulsations with frequencies in the Pc5 range ( f = 1.7–
6.7 mHz) and below contribute to magnetospheric particle transport
and diffusion and may play an important role in magnetospheric
dynamics. For example, several studies have shown the existence of
strong Pc5 wave power during the main phase of geomagnetic
storms (e.g., Baker et al. [1998]; O’Brien et al. [2001]). This
correlation has led some researchers to postulate that Pc5 and lower
frequency pulsations provide the free energy needed to accelerate
electrons to relativistic energies (0.5 MeVand above) (e.g., Liu et
al. [1999]; Elkington et al. [1999]). Others have associated longer
period waves with substorm-related phenomena and tail dynamics
[e.g. Sanchez et al., 1997].
[3] This paper concentrates on discrete ULF pulsations with
frequencies <3 mHz observed at geosynchronous orbit and in
the solar wind. There have been reports of ground-based and
space-based observations of discrete ULF pulsations near f = 0.5
mHz since the late 1960s. Herron [1967] produced a power
spectrum of persistent geomagnetic variations which showed a
peak centered near 0.5 mHz. More recently Chen and Kivelson
[1991], using ISEE-2 magnetometer data from the magnetotail
lobes, found a narrow-banded peak in power near 0.48 mHz.
Rinnert [1996] observed periodic enhancements with frequencies
between 0.3 and 0.4 mHz in EISCAT (European Incoherent
SCATter) radar measurements of E-region electron density.
Observations of gravity waves with similar frequencies were
observed by Huang et al. [2000], during an extended period of
northward IMF. They attributed the waves to a global cavity
mode.
[4] Other papers have reported observations of pulsations with
power at multiple discrete frequencies. For example, using
Prognoz-8 magnetometer data from the magnetotail lobes, Niku-
towski et al. [1996] found oscillations with f = 0.25, 0.5, 0.8, and
1 mHz. A series of recent papers has focused on observations of
spectral peaks near f = 1.3, 1.9, 2.6, and 3.4 mHz in high-latitude
radar [Ruohoniemi et al., 1991; Samson et al., 1991; Walker et
al., 1992; Fenrich et al., 1995] and ground magnetic field
measurements [Samson et al., 1992a; Ziesolleck and McDiarmid,
1994; Francia and Villante, 1997]. The combination of the long
period of these pulsations, the extended duration over which they
were observed, and the nature of the discrete spectrum have led
some researchers to suggest a global cavity or waveguide mode.
In particular, Harrold and Samson [1992] and Samson et al.
[1992b] have suggested that the discrete frequencies listed above
were the result of a flankside waveguide mode. In this scenario
compressional waves excited by a broadband impulse spectrum
are confined between the magnetopause and an internal turning
point, perhaps the plasmapause. Because these are bounded
standing waves, the resonant frequencies generated are discrete.
Waveguide modes are able to produce the low frequencies
observed, and if the cavity is highly reflective these oscillations
can last many cycles.
[5] Though it is well known that changes in solar wind dynamic
pressure directly affects the magnetospheric field, few studies have
explored the possibility that such discrete magnetospheric pulsa-
tions might arise directly from oscillatory sources inherent in the
solar wind (see e.g., Matsuoka et al. [1995]; Korotova and Sibeck
[1995]; Sarafopolous [1995]). Using data from the WIND space-
craft, we offer direct evidence that solar wind number density and
ram pressure fluctuations observed far upstream from the terrestrial
magnetosphere contain power at discrete frequencies. We show
that these same oscillations are observed in the magnetosphere by
the geosynchronous GOES spacecraft. The time-series, when
appropriately time-shifted, are highly correlated and the power
spectral peaks show excellent agreement. Based on these observa-
tions, we suggest that the solar wind is in some cases a direct
source for discrete ULF pulsations.
2. Events
2.1. February 5, 2000
[6] The Wind spacecraft was located in the upstream solar wind
at (90, 28, 1) RE in GSM coordinates. A five-hour interval of
number density and dynamic pressure measurements (nV 2 ) from
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the Solar Wind Experiment (SWE) [Ogilvie et al., 1995] are shown
in Figure 1. We note that the time-series of dynamic pressure is
qualitatively similar to the number density; that is, changes in
number density are principally responsible for changes in dynamic
pressure. The magnetic and thermal pressures calculated from the
Wind measurements (not shown) are highly anti-correlated (R =
0.9). We also show the magnitude of the magnetic field
measured by the geosynchronous GOES-10 satellite. The total
field is dominated by contributions from the Bz component,
consistent with the location of GOES near the geomagnetic
equator. The oscillations are largely observed in Bz, indicating
that the waves were mostly compressional. The Wind data have
been shifted by +17 min to align the dynamic pressure
structures in the solar wind with the magnetic variations at
GOES. The computed correlation coefficient R = 0.9 of the
Wind dynamic pressure and GOES 10 magnetic field measure-
ments is high and significant. The time delay from Wind to the
magnetosphere calculated using the upstream position and the
measured solar wind velocity (Vx  400 km/s) is 22 min,
which is consistent with the time determined by the cross-
correlation analysis.
[7] While it is clear that the solar wind dynamic pressure and
magnetospheric field variations are similar, it is not quite so
obvious that the observed variations occur at discrete frequencies.
We have calculated the Fourier transforms of both signals from
1545–1830 UT, with the Wind data interval 17 minutes earlier to
account for propagation to the magnetosphere. The spectral esti-
mates, with f = 0.11 mHz, are shown in Figure 2. Significant
power at frequencies of f = 0.7, 1.4, 2.0, and 2.7 mHz are evident in
both the solar wind dynamic pressure and GOES 10 |B|. Neither
altering the width of the window ( ± 10%) over which the
transform is computed nor moving the window in time (± 10 min)
alter the spectra significantly. We therefore believe these to be
robust peaks.
2.2. April 27, 2000
[8] A second example occurred while Wind was located in the
solar wind at (84, 17, 0) RE in GSM coordinates. As in the previous
example, we plot in Figure 3 the time-shifted solar wind number
density and dynamic pressure measured by SWE onboard Wind
and the total strength of the magnetic field measured by GOES 10.
The Wind data are plotted with a time-shift of +22 min, which
gives good visual agreement between variations in the solar wind
dynamic pressure and geosynchronous magnetic field. Ballistic
propagation yields a similar time-shift. The magnetic and thermal
pressures calculated from the Wind measurements are again highly
anti-correlated (R = 0.94).
[9] As in the previous example, variations in the solar wind
dynamic pressure (again driven largely by number density
variations) and the geosynchronous magnetic field are highly
correlated (R = 0.9). We chose the interval 0152–0500 UT
(Wind data offset by 22 min from that window), which avoids
the discontinuous jumps in dynamic pressure and magnetic field
strength, over which to obtain our spectral estimates. The results
Figure 1. (a) Solar wind number density and (b) solar wind
dynamic pressure, nV 2 (grey), and geosynchronous magnetic field
(black) measurements from February 5, 2000. The solar wind data
have been time-shifted by +17 min.
Figure 2. Fourier transforms of the solar wind dynamic pressure
(nV 2 ) and geosynchronous magnetic field strength from GOES 10
for the period 1545–1830 UT on February 5, 2000.
Figure 3. (a) Solar wind number density and (b) solar wind
dynamic pressure, nV 2 (grey), and GOES 10 magnetic field
strength (black) measurements for April 27, 2000.
39  - 2 KEPKO ET AL.: ULF WAVES IN SOLAR WIND
of the Fourier transform are shown in Figure 4. Significant
spectral peaks at f = 0.4, 0.7, 1.0, and 1.3 mHz are observed in
both data sets.
3. Discussion and Conclusions
[10] We have presented two events in which both the correlation
of the time-series and the spectral properties of the solar wind
dynamic pressure match those of geosynchronous magnetic field
measurements. Power spectra of both data sets show enhanced
power at discrete spectral peaks at frequencies <2–3 mHz. Some
of the higher-frequency peaks match those reported by Samson et
al. [1992a, 1992b] and other investigations and attributed to a
magnetospheric waveguide, as reviewed in the introduction. The
quality of the correlations in the time domain (R  0.9) as well as
the robustness of the spectral peaks give us confidence that the
power is physically meaningful, and not an artifact of the analysis.
As reviewed in our introduction, there have been previous reports
of observations of magnetospheric oscillations with frequencies
similar to what we have observed here. However, this is the first
time that such low frequency oscillations have been shown to have
a source in the upstream solar wind.
[11] The high-correlation between solar wind dynamic pressure
variations far upstream and magnetospheric oscillations precludes
a cavity or waveguide explanation. Instead, we suggest that the
ULF oscillatory changes in solar wind dynamic pressure slowly
affect the size of the magnetospheric cavity. The magnetospheric
field increases or decreases as needed to balance the internal
magnetic pressure against the external dynamic pressure. In this
manner, oscillatory variations of the dynamic pressure lead directly
to oscillatory changes in the magnetospheric magnetic field
strength. As long as these changes are slow with respect to both
the Alfve´nic travel time through the system (3 min) and the time
needed for the dynamic pressure disturbance to convect past the
Earth (5 min), than the problem is quasi-static. The shortest
period observed in this paper is 6 min, with the majority of the
power at periods of 10–30 min. It is, in a sense, a forced breathing
of the magnetosphere.
[12] A solar wind source for magnetospheric pulsations at
frequencies <2–3 mHz, while potentially solving a number of
outstanding questions, also raises new questions. For example, are
the pulsations observed in this work related to the f = 1.3, 1.9, 2.6,
3.4, and 4.2 mHz frequencies reported by Samson et al. [1991] and
others? These frequencies have been attributed to a global wave-
guide mode [Samson et al., 1992b]. Although the results here do
not disprove the waveguide model, the overlap of our observed
frequencies near 1.3, 1.9 and 2.7 mHz suggest a reexamination of
the source of the higher frequencies. Also, are the waves observed
here related to the ULF waves that have been postulated to
energize electrons to MeV energies during geomagnetic storms?
For this to occur, the waves would have to be present for many
hours in the post-shock solar wind or during high-speed streams.
Whether this is true or not is an area that will be explored in future
work.
[13] The events presented in this work were selected based on
visual inspection of the number density variations in the solar wind
which facilitated correlation with geosynchronous measurements.
We do not at this time have an estimate on how often such ULF
waves are observed in the solar wind or what fraction of magneto-
spheric pulsations are directly driven by these waves. We are
currently working to quantify these numbers, and will present the
results in a future paper.
[14] We note that although we have identified a relationship
between solar wind and magnetospheric ULF pulsations, what
ultimately determines the frequency of the solar wind dynamic
pressure variations remains unanswered. Sibeck and Newell [1989]
argued that 2 mHz dynamic pressure fluctuations in the magneto-
sheath observed simultaneously with magnetic perturbations within
the magnetosphere were generated at the bow shock. In this study,
however, the solar wind observations are far enough upstream that
we believe it precludes a source centered on the bow shock.
Instead, the variations must be a feature inherent in the solar wind.
[15] One possibility for the source of the spectrum of solar wind
number density and dynamic pressure oscillations is that it results
from an instability generated in the solar wind during its passage
through interplanetary space. We can at this time offer no sugges-
tion as to what this instability might be, however, and it is unclear
how an instability could generate such stable, reproducible fre-
quencies. A second possibility is that the frequencies are the result
of solar oscillations. There has been considerable interest in this
topic after it was suggested by Thomson et al. [1995] that discrete
power in solar wind energetic particles and magnetic fields
measured by the Ulysses spacecraft were similar to known gravity
(g) and pressure (p) mode frequencies of the sun. The p modes of
the sun are in the range of 1–5 mHz, the same interval as the
waves reported in this paper. Though relating terrestrial ULF
pulsations to solar oscillations is an intriguing possibility, subse-
quent work addressing whether the solar wind contains imprints of
solar modes has yielded conflicting results [Roberts et al., 1996;
Thomson et al., 1996; Paulerena, 1996; Riley and Sonett, 1996;
Thomson et al., 2001], and the issue remains unresolved.
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